A search of the complete genome sequence of the halophilic archaeon Halobacterium salinarum failed to identify a gene homologous to the thymidylate synthase (thyA) gene present in the closely related Haloferax volcanii. To understand the source of thymidine synthesis in Hbt. salinarum, a genomic library of Hbt. salinarum was constructed and used to complement a Hfx. volcanii thyA deletion mutation. The Hbt. salinarum ORF that complemented the thyA mutation shares sequence homology with ORFs found in numerous microorganisms that lack a thyA gene, including the recently discovered thyX of Helicobacter pylori. We also show that a homolog of the Hbt. salinarum ORF is present in Campylobacter jejuni and is able to complement an Escherichia coli thyA mutant under oxygen-limiting conditions. ß
Introduction
Within the archaea, the extremely halophilic Haloferax volcanii is genetically the best characterized species. Hfx. volcanii contains genes encoding two distinct dihydrofolate reductases, which have proven useful as selectable markers [1] . hDHFR-1 is made in extremely small amounts and its activity appears to be adequate only for the de novo synthesis of H 4 -folate. The gene encoding hDHFR-2 occurs in an operon containing the thymidylate synthase gene; its activity is su⁄ciently high to recycle H 2 -folate produced by thymidylate synthase. Unlike Hfx. volcanii, which is extremely sensitive to the DHFR inhibitor trimethoprim, the closely related Halobacterium salinarum is insensitive to this drug. In addition, using computer BLAST search and low-and high-stringency hybridization experiments with Hfx. volcanii dihydrofolate reductase and thymidylate synthase genes as probes, we were unable to ¢nd in Hbt. salinarum homologous genes to those of Hfx. volcanii DHFRs and thymidylate synthase.
These observations in Hbt. salinarum are surprising since DHFR and thymidylate synthase are key enzymes in the de novo synthesis of dTMP that is essential for DNA synthesis. Moreover, H 4 -folate is an essential cofactor in other pathways besides thymidine synthesis.
A search of the 'Cluster of Orthologous Groups of proteins' (COG) database [http://www.ncbi.nlm.nih.gov/ COG/] showed the absence of genes homologous to thymidylate synthase and dihydrofolate reductase in several medically important bacteria, including Helicobacter pylori, Campylobacter jejuni, Rickettsia prowazekii, Treponema pallidum and Borrelia burgdorferi, as well as some eubacteria and archaea isolated from the environment, such as Sulfolobus solfataricus and Synechocystis spp.
The following communication describes the isolation of a Hbt. salinarum gene that complements for growth a deletion of the thyA gene in Hfx. volcanii. It further shows that the homologous gene in C. jejuni is able to complement for growth a thyA deletion mutant of E. coli. In a recent publication [2] , Myllykallio et al. demonstrate that the homologous gene in H. pylori can complement the E. coli thyA mutant and show, in vitro, that its product, termed ThyX, possesses thymidylate synthase activity.
Materials and methods

Bacterial strains and media
The properties of the various strains of Hfx. volcanii used in this work have been previously described [1] and are listed in Table 1 . Rich medium (HY) and agar plates were prepared as previously described [3] with slight modi¢cations: Tris^HCl, pH 7.2, at a ¢nal concentration of 50 mM was used as bu¡er in all media and the yeast extract was ¢lter sterilized. Novobiocin (Nov; Sigma) and thymidine (Sigma) were used at concentrations of 1 Wg ml 31 and 40 Wg ml 31 , respectively. Trimethoprim concentrations varied from 0.01 to 100 Wg ml 31 . Escherichia coli strains were grown in Luria^Bertani (LB) medium supplemented with 100 Wg ml 31 ampicillin (Sigma). L+ medium [15 g yeast extract (DIFCO), 10 g NaCl, 1 g MgSO 4 ] was used with or without added thymidine (40 Wg ml 31 ) as indicator media for the growth of E. coli vthyA strains. The E. coli strain DH12S (Invitrogen) was used for plasmid construction, and strain HMS174 (DE3) (Novagen) was used for the overexpression of the ThyX protein. E. coli MG1655 (ATCC 700926) is a wild-type strain that was used for the deletion of thyA. E. coli SY327Vpir is a lysogen of SY327 [(v(lac pro) argE(Am) rif nalA recA56] that contains the pir gene of plasmid R6K. This strain was used for propagating plasmid pCVD442 that contains the R6K replicon.
Construction of Hbt. salinarum genomic library
Genomic DNA from Hbt. salinarum S9 (obtained from Dr. Felicitas Pfeifer, TU Darmstadt, Germany) was isolated as previously described [4] . The DNA was partially digested with Sau3AI restriction endonuclease and subjected to size fractionation by sucrose concentration gradient ultracentrifugation (5^20% sucrose in 1 M NaCl, 20 mM Tris^HCl, pH 8, 5 mM EDTA, centrifuged in Beckman SW41 rotor for 18 h at 30 000 rpm at 4 ‡C). Fractions containing DNA fragments of 4^8 kb were ethanol precipitated and cloned into the BamHI site of the halobacterial-E. coli shuttle vector pWL-Nov [1] . The cloned library was transformed into E. coli and plated on agar containing 100 Wg ml 31 ampicillin. The entire ampicillinresistant colonies were scraped from the agar plates and plasmid DNA was prepared.
2.3. Deletion of the E. coli thyA gene E. coli vthyA was created using the method described by Mobley et al. [5] with slight modi¢cations. In brief: 1-kb DNA fragments of the upstream and downstream regions of the E. coli thyA gene were PCR ampli¢ed from genomic DNA using primers: #EtAU5, #EtAU3, #EtAD5 and #EtAD3 (see Table 2 ). The DNA fragments were cloned into plasmid pCVD442 and used to transform E. coli MG1655 by electroporation. Transformants were selected with ampicillin and colonies picked and grown overnight in LB media containing trimethoprim (10 Wg ml 31 ). The cells were centrifuged, washed and plated on LB plates containing 5% sucrose. Colonies requiring thymidine for growth were checked for the deletion using PCR and Southern blot hybridization employing thyA or its £anking sequences as probes. One of the clones that checked positively for the deletion was designated MM512.
Construction of plasmids for the complementation of E. coli (vthyA) by the C. jejuni thyX gene
The C. jejuni (ATCC 700819D) thyX gene was PCR ampli¢ed from genomic DNA using primers #CjTSN1 and #CjTS-C. The 624-bp PCR product was digested with NcoI and BamHI. E. coli thyA was PCR ampli¢ed with primers #ThyAN and #ThyAC and the product digested with BspHI and BamHI. All the digested PCR fragments were cloned into pUC120 that was previously digested with NcoI and BamHI. 2.5. Growth in soft agar of E. coli vthyA complemented with the C. jejuni thyX or E. coli thyA genes E. coli vthyA cells were transformed with pUC120 expressing thyX or thyA. Single colonies were picked and grown overnight in LB supplemented with ampicillin. The cultures were centrifuged, washed twice with L+ media and 60 Wl of equally diluted cultures (OD 600nm = 1.3) were mixed with 10 ml L+ soft agar containing 100 Wg ml 31 ampicillin. The soft agar was then poured into sealed 15-ml glass tube and kept at 37 ‡C for 7 days.
Overexpression and puri¢cation of C. jejuni ThyX
The 624-bp thyX gene of C. jejuni gene was ampli¢ed using primers #CjTS-N2 and #CjTS-C (see Table 2 ), introducing NdeI to the N-terminus and BamHI to the C-terminus. The ampli¢ed fragment was digested with NdeI and BamHI and cloned into pET11a. Cells were grown at 37 ‡C in 500 ml of LB medium containing 100 Wg ml 31 ampicillin to OD 600 = 0.6. Expression of ThyX proteins was started by adding IPTG (Inalco) to a ¢nal concentration of 1.0 mM and the culture was left shaking for an additional 12 h at 27 ‡C. The cells were harvested by centrifugation, suspended in 20 ml of 50 mM TE, pH 8, and sonicated. The supernatant was separated from the cellular debris by 10 min centrifugation at 10 000 rpm (Sorvall SS-34 rotor).
Results and discussion
Complementation of the Hfx. volcanii WR447 (vthyA)
mutation with a genomic library of Hbt. salinarum A genomic library of Hbt. salinarum in the vector pWLNov (see Materials and methods) was transformed into Hfx. volcanii WR447 containing a deletion of the thymidylate synthase gene. Transformants able to grow in the absence of thymidine were selected on HY plates, which do not support the growth of thymidine requiring mutants. A plasmid containing a 6.3-kb fragment was isolated from one transformant and a 3.8-kb subfragment was cloned into pUC18 and its nucleotide sequence determined. A BLAST search of the sequence against the nucleotide databank revealed homology to a gene previously shown to complement thymidine auxotrophy mutation in Dictyostelium [6] as well as to conserved ORFs present in many bacteria and archaea. The nucleotide sequence of this ORF was deposited in GenBank (Accession #AF227235). Recently [2] , a homolog of this ORF was identi¢ed in H. pylori, termed ThyX, and shown to possess thymidylate synthase activity.
The Hbt. salinarum thyX homolog was ampli¢ed by PCR using primers #N-thy3 and #C-thy and cloned into the halobacterial vector pWL-Nov behind the Hbt. salinarum ferredoxin promoter [1] . The resulting plasmid (pMM421) was transformed into Hfx. volcanii WR447 (vthyA) to yield Hfx. volcanii WR460 and into Hfx. volcanii WR445 (vhdrA, vhdrB) to yield Hfx. volcanii WR467. The growth properties of strains WR460 and WR467 are shown in Table 1 . The ability of strain WR460 to grow without added thymidine demonstrates, again, that the gene product of thyX has thymidylate synthase activity. The inability of strain WR467 to grow without thymidine demonstrates that, similar to ThyA, the ThyX activity also requires H 4 -folate. However, whereas the activity of ThyA requires high DHFR activity, as demonstrated by the inhibition of thymidine biosynthesis in the parental strain WR341 even at the lowest trimethoprim concentration (0.01 Wg ml 31 ), the strain WR460 containing the Hbt. salinarum thyX gene was able to grow at the highest trimethoprim concentrations tested (100 Wg ml 31 ), indicating that very small amounts of H 4 -folate su⁄ce for the activity of ThyX. The observation that ThyX requires H 4 -folate raises an intriguing question regarding the de novo source of H 4 -folate in Hbt. salinarum, since no homolog coding for DHFR could be identi¢ed in the recently sequenced complete genome [7] .
Complementation of the E. coli vthyA mutation by C. jejuni thyX
Complementation of E. coli MM512 (MG1655/vthyA) was performed with pUC120 expressing the C. jejuni thyX or the E. coli thyA genes. Transformants were selected on LB plates containing ampicillin. Cultures were grown from puri¢ed single colonies in LB liquid medium containing ampicillin, washed twice with L+ medium (de¢cient in thymidine) and transferred to fresh L+ liquid medium. The cultures were divided into two, one was shaken and the other unshaken. Fig. 1 presents growth pro¢les of the E. coli MM512 strain complemented with C. jejuni thyX and E. coli thyA in shaken and unshaken cultures. The E. coli MM512 strain, when complemented with thyA, grew signi¢cantly faster when shaken. On the other hand, when complemented with C. jejuni thyX it grew only in the unshaken culture. This latter result suggests that oxygen may inhibit the activity of the C. jejuni thyX gene product.
E¡ect of oxygen on growth in solid media of E. coli
vthyA complemented with the C. jejuni thyX gene
The e¡ect of oxygen on growth of the E. coli vthyA containing the C. jejuni thyX gene was examined in solid medium in three di¡erent growth conditions: (1) microaerophilic conditions, using the CampyGen kit (CN0025A, Oxoid); (2) anaerobic conditions, employing the AN0035A (Oxoid) kit; and (3) in soft agar culture tubes (as described in the Materials and methods). No growth was detected for the complemented strain in either the microaerophilic or anaerobic conditions, even after seven days, whereas the wild-type E. coli strain grew well after 24 h. In the L+ soft agar tubes growth was evident in the complemented strain after 48 h; however, no growth was detected at the top 5 mm of the tube. The cells formed a very distinctive growth ring just below the zone of inhibition (data not shown), suggesting that particular microaerophilic conditions were necessary. In contrast, the E. coli wild-type strain grew throughout the entire tube as well as above the agar, while the deletion strain transformed with pUC120 alone showed no growth at all. These results are consistent with the previous observation (Section 3.2) that the product of the C. jejuni thyX is sensitive to oxygen. Furthermore, this is compatible with the fact that C. jejuni grows in microaerophilic conditions.
Overexpression and puri¢cation of ThyX from C. jejuni
The 23.8-kDa C. jejuni ThyX was overproduced in large quantities in E. coli HMS 174 (DE3), yielding at least 70% percent of the total cellular proteins as judged by SDSP AGE gel electrophoresis (see Fig. 2 ). ThyX was puri¢ed by loading the protein on a DEAE cellulose column equilibrated with 50 mM Tris^HCl, pH = 7.6, 50 mM NaCl and 1 mM DTT. The protein was eluted with a gradient of 502 00 mM NaCl (50 mM Tris^HCl, pH = 7.6, 1 mM DTT), yielding over 30 mg ThyX per 500 ml culture. The pure protein ( s 90 percent pure) has a bright yellowish color with the visible light absorbance and £uorescence spectra characteristic of £avoproteins (Fig. 3A, B) .
Concluding remarks
Thymidylate synthase catalyzes the de novo synthesis of dTMP, one of the four building blocks of DNA. Until recently only one family of thymidylate synthases had been characterized. The methyl donor used by these en- Fig. 1 . Growth of E. coli vthyA complemented with the C. jejuni thyX or E. coli thyA genes. The complementing genes were cloned into pUC120. Cultures were grown in L+ medium supplemented with 100 Wg ml 31 ampicillin. Bacteria are: control strain containing the vector pUC120, shaken (F); C. jejuni thyX derivative, shaken (R) and unshaken (O); E. coli thyA, shaken (b) and unshaken (a). OD measurements were taken in the tubes using WPA biowave (CO800 cell density meter). Values are means of duplicate cultures. zymes, homologs of the prototype E. coli ThyA, is CH 2Ĥ 4 -folate, which is oxidized in the reaction to H 2 -folate. Thus, synthesis of dTMP requires the activity of an enzyme, DHFR, which replenishes the H 4 -folate pool. The fact that many genomes of microorganisms do not contain genes encoding ThyA homologs was addressed by Galperin et al. [8] , who used bioinformatic approaches to search for genes that may replace the missing thymidylate synthase. They identi¢ed a gene previously shown to complement a thymidine auxotrophy of Dictyostelium [6] . This communication presents genetic evidence that the genes predicted by Galperin et al. and are present in Hbt. salinarum and C. jejuni do indeed complement vthyA. Recently, Myllykallio et al. [2] showed that the homologous gene from H. pylori (termed thyX) can complement the vthyA mutation in E. coli, and demonstrated the in vitro synthesis of dTMP by that enzyme. It is now increasingly clear that microorganisms that lack the previously characterized thymidylate synthase gene contain, in its place, an ORF homologous to the thyX gene.
ThyX proteins contain a £avin group as demonstrated spectroscopically in this communication as well as by Myllykallio et al. [2] . Recently, the 3-D structure of the Thermatoga maritima ThyX was solved (PDB entry 1KQ4) and shown to be a homo-tetramer in complex with one FAD molecule per monomer. Flavoproteins are highly reactive with free oxygen (reviewed in [9] ) and their biochemical reaction is normally studied under anaerobic conditions. The oxygen sensitivity observed in E. coli vthyA derivatives that express ThyX may therefore be attributed to oxygenation of the £avin group by molecular oxygen. However, the origin of the source of H 4 -folate in microorganisms that do not contain DHFR has yet to be uncovered. Fig. 3 . Visible light absorbance and £uorescence emission spectra of C. jejuni ThyX. A: The absorbance spectrum of C. jejuni ThyX was determined using Ultraspec 2000 spectrophotometer (Pharmacia Biotech). B: Fluorescence emission spectrum of ThyX was measured by LS50B luminescence spectrometer (Perkin Elmer). The excitation wavelength was 450 nm.
